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Abstract: Thisaccount briefly describesthe authors’ recent efforts
to develop the catalytic coupling of aldehyde, alkyne, and amine, as
well the asymmetric catalytic coupling of aldehyde, akyne, and
amine.
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1 Introduction

Chiral nitrogen-containing compounds are widely found
in nature and many of them show important biological
properties. Hence, the development of methods for syn-
thesizing diastereomerically and enantiomerically pure
amines is a magjor objective for organic chemists. Tradi-
tionally, similar to the addition of carbanionsto the carbo-
nyl group of aldehydes and ketones,® the addition of
organometallic reagents to the C=N bonds of imines or
imine derivatives is an important and efficient process to
afford many useful nitrogen-containing building blocks.
Furthermore, a new stereogenic center and a C—C bond
are formed in a single step in such an addition reaction.
The formation of propargyl amines via the addition of
acetylenic moiety to a C=N bond is a useful method in
synthesis.2 The resulting alkyny! addition derivatives can
undergo further transformations and are versatile synthet-
ic tools.®

Optically active propargyl amines are important synthetic
intermediates for the synthesis of various nitrogen-con-

SYNLETT 2004, No. 9, pp 1472-1483

Advanced online publication: 29.06.2004

DOI: 10.1055/s-2004-829531; Art ID: A34204ST
© Georg Thieme Verlag Stuttgart - New Y ork

taining compounds and are components of bioactive com-
pounds (such as pharmaceutical agents) and natural
products.* However, the reactive metal alkynilides are of -
ten prepared by deprotonation of terminal alkynes by us-
ing highly reactive organometallic reagents such as BuL.i,>
EtMgBr® or LDA’ in a separate step. In addition, many
metal alkynilides are usually not easy to handle because
the reaction must be carried out under anhydrous solvent,
inert atmosphere, and low temperature conditions. There-
fore, development of a method for the direct alkynylation
of imines and their derivatives performed under mild con-
ditions without utilizing a stoichiometric amount of a
highly reactive organometallic reagent would be highly
desirable. It would be even more desirable to develop the
asymmetric version of such areaction. Additionally, there
has been greater interest in recent years in developing or-
ganic reactions in aqueous media which has the potential
of simplifying synthesis (e.g. elimination of protection-
deprotection steps) and minimizing environmental im-
pacts.® With these combined objectives in mind, we re-
cently developed a highly efficient direct coupling of
aldehyde, akyne, and amine (Scheme 1) as well as the
asymmetric coupling of aldehyde, akyne, and amine
(Scheme 2). Such reactionswere found to be successful in
organic solvents, in water, inionic liquids, and under neat
conditions.

CuBr, RuClg

Rl\
60-90 °C, H,0 N

RI-CHO + Ar—NH, + RZ—=

Scheme 1
. Ar
Cu(OTf) / ligand 1 HN
R-CHO + Ar—NH, + R?—= 1
toluene or water R ™
RZ
g
NS
OO
N N
Ph 1 Ph
Scheme 2
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2 Background

Our investigation of such reactions stemmed from our
long-term objective of developing Barbier—Grignard-type
reactions in water® and our interest in green chemistry.®
Prior to this study, Barbier—Grignard-type carbonyl! (and
imine) allylation,'* propargylation-allenylation,'? alkeny-
lation and arylation,®®* as well as related aldol-type
reactions** (Scheme 3) have been developed under ague-
ous conditions through the efforts of various |aboratories,
including ours.”® Very recently, we and others have also
developed the addition of a simple alkyl group to alde-
hydes and imines in water by using reacting metal with
unactivated alkyl halides.'® However, we have met with

continuous failure over the last decade in developing a
Barbier—Grignard-type coupling reaction between carbo-
nyl compounds (and imines) with alkynyl halides in wa-
ter. Infact, such areaction has never been successful until
recently and the failure of the reaction was attributed to
the strong sp-hybridized C-X bond.

Recently, our interest in the further greening of Barbier—
Grignard-type reactions in water led usto develop related
reactions that use only a catalytic amount of metals in-
stead of a stoichiometric amount. The ruthenium-cata-
lyzed olefin migration'’ and the subsequent tandem olefin
migration-aldol reaction'® provided us with significant
impetus in this endeavor. This then led us to consider the
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Barbier—Grignard-type addition of a terminal akyne to
aldehyde and imine via the activation of the C—H bond,
instead of the C—X bond, in water. It should be noted that
within the past few years, there have been great develop-
ments by Knochel,*° Carreira,° Jiang,?* and others*?in the
direct addition of terminal alkynes to aldehydes by using
various Lewis acids and bases in anhydrous organic sol-
vent (Scheme 4). For example, InBr;-Et;N was used as a
catalyst by Sakai to promote akynylation of aldehyde and
N,O-acetals.?® Related asymmetric additions have also
been developed by a number of groups.?* In our own
work, we focused on developing transition metal-cata-
lyzed alkyne-aldehyde and akyne-imine additions, with
the expectation that the reactions devel oped will be ableto
survive in aqueous conditions. Late transition metals such
as copper, gold, silver, and platinum metals were our fo-
cus because of their softness, which is less affected by
‘hard’ water. Subsequently, we developed a direct addi-
tion of terminal alkynes to aldehydes in water by using a
ruthenium/indium bicatalyst system (Scheme5).?> This
catalytic system can be applied to substituted aromatic al-
dehydes and aliphatic aldehydes without an a-hydrogen.

o « Zn /OC/\
+ P
R)J\H z H,O, THF R =
OH
Z Br
SIS S
R™ "H H,0
o h /t OH
)]\ + AMB(OH)2 Rh(acac)(coe),/ 'BuzP
r
R™ H DME, H,0 R™ OAr
o]
j\ Br Zn or Sn oH Q
.
R™H %Ph H,0 R)><mph
Scheme 3
OH
base or acid
RICHO + R*C=C-H ————  RI" N
solvent N >
R
Scheme4
OH
RuClz, In(OAc)z, amine
RICHO + H-C=C-R? R N
60-90 °C , H,0 A
R2
27-94% yield
Scheme5
3 The Development of Aldehyde-Alkyne-

Amine Coupling (A3-Coupling)
Recently, significant efforts have been made to develop

methodol ogies to generate propargyl amines.?® The direct
1,2-addition of terminal alkynes to the C=N double bond

Synlett 2004, No. 9, 1472-1483 © Thieme Stuttgart - New Y ork

iniminesand their derivativesviaactivation of C—H bond
in the terminal alkynesis a convenient route to synthesize
propargyl amines. Prior to our studies, there had been no
report of an effective direct addition of aterminal alkyne
toanimine. Miurareported the addition of acetyleneto ni-
trones through the initial formation of a dipolar cycload-
dition (Scheme 6)?” while Carreira had used a Zn(ll)-
catalyzed process in CH,CI, for the addition of terminal
alkynes to nitrones to form propargyl N-hydroxyl amine
adducts (Scheme 7).22 Knochel reported an enantiosel ec-
tive synthesis of propargyl amines by copper-catalyzed
addition of akynes to enamines (Scheme 8).%

.Ph Ph
I ):f"
“O.*.Ph
“NT Cul / dppe /\Ph+
u o P’ Ph

| + Ph—
Ph K2CO3/ DMF 74%yield 3% yield
.Ph
N
+ )| +  PhCH,COOH
Ph
7% yield 9% yield
Scheme 6
"o -Bn Zn(0Tf), , PrNE HO. BN
[ + R2—H
1
Rl CH,Cl, R \\
RZ
43-99% vyield
Scheme7
RS R

\ CuBr ~ N-R*
RIS ""R4 * R! \
R toluene R2 \\

RS

75-99% yield

Scheme 8

31 Catalyzed by Cu (1)

For the direct addition of an alkyne to an imine, the diffi-
culty liesin the stronger coordination between the Lewis
acid and the product (amine) than between the Lewis acid
and the starting material (imine). This stronger coordina-
tionimpliesthat a catalytic amount of Lewis acid may not
be enough for the reaction. On the other hand, atransition-
metal catalyst that can coordinate the C=N bond may off-
set such an unfavorable factor. Recently, late-transition-
metal s have been found to be successful as catalystsin di-
rect alkyne-imine additions. During our own investiga-
tions of catalytic akyne-imine additions, Dax and
coworkers reported the usage of copper as a transition
metal catalyst for a solid-phase Mannich condensation of
amines, aldehydes, and alkynes (Scheme 9).%° This solid-
phase Mannich reaction is an efficient method for the rap-
id synthesis of propargyl amines. The polymer-supported
three-component Manni ch condensati on of acetylenes, al-
dehydes and secondary amines, similarly afforded the de-
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sired Mannich adducts when one of the reactants was
immobilized on aresin. In these cases, a copper (1) sdtis
needed to promote the reaction. Any single component
can be attached to an appropriate solid support to makethe
methodology versatile from a synthetic perspective. The
process did not require pre-preparation of the iminium
species, and isolated products are usually of high purity.
A microwave-assisted Mannich reaction of termina
alkynes, amines and formaldehyde in the presence of
Cu(l) on Al,O, was reported by Pagni®! (Scheme 10) and
others.®> The microwave-enhanced Mannich condensa-
tions of aliphatic or aromatic terminal alkynes, secondary
or primary amines with paraformaldehyde or formalde-
hyde, in the presence of Cul or CuCl doped Al,O without
any organic solvent as a reaction medium, produced the
corresponding amino-methylated adducts in good yields.
The reaction can be promoted by microwave irradiation
and is complete within severa minutes. The process is
highly efficient and is not hampered by the heterogeneity
of thereaction. A similar reaction with aiphatic and aro-
matic aldehydes was also carried out in water under mi-
crowave irradiation to afford the coupling products.33

AL _.AY
U A l‘:'.-r'1 h
A'——H + B s+ HHN e P
H B (3 IR~ =
R
T80 yisdd

l,-]----c_:_ T ' - d— 2-C 1 Tribd --n:. .:NH
| Cl ,
Scheme9
CU|/A|203
RI—=—=—H + HNR%R® R1—=—=—CH,NR?R®
Microwave
HCHO 40-90% yield
Cul / H,O
RI—=——H + HNR%RS RI—=—=—CHNR?R3
Microwave FIQ
RCHO )
41-93% yield
Scheme 10

We had reported a copper-mediated coupling of alkynes
with N-acylimines and N-acyliminium ions in water to
generate propargyl amide derivatives* (Scheme 11). N-
Acylimines or N-acyliminium ions can be generated in
situ from amines containing agood leaving group at a-po-
sition — for example, a-phenylsulfonyl N-acyl amine and

a-methoxy N-(akoxycarbonyl)pyrrolidine — and the
products can be modified easily for various synthetic pur-
poses. a-Phenylsulfonyl N-acyl amine can be prepared
conveniently by the reaction of carbamate derivatives
with adehydes and sodium phenylsulfinate in the pres-
ence of formic acid.®® Subsequent elimination of sulfinic
acid under very mild conditions will generate an
acylimine, which can been reacted with various nucleo-
philes. a-Methoxy N-(alkoxycarbonyl)pyrrolidine and its
analogues can be prepared by electrochemical or organic
synthetic methods.*® It was found that the products could
be obtained in good yield when an excess amount of CuBr
(2-3 equivaents) was employed to ensure the complete
consumption of the starting material. Thereactionishigh-
ly sensitive to the carbamate structural portion of starting
material. The a-phenylsulfonyl amines derived from aro-
matic aldehydes provide higher yields than those derived
from aliphatic aldehydes, and both astrong el ectron-with-
drawing group and a strong €electron-donating group on
the aromatic ring led to decreased yield of the product,
possibly due to the hydrolysis of the acylimines.

H R3
H =
. N Ph CuBr
R! O\[( YSOZ + R3—= Rl'O\H/N/
(@] RZ HZO o) RZ
Q CuBr
N~ OMe + R3-—== N Xy
A H20 PN R®
0~ “OR* 0~ “OR*
Scheme 11

Recently, Igbal® reported a general method for the syn-
thesis of 2,4-disubsituted quinolines in one-pot from an
aryl amine, an aldehyde, and an aiphatic terminal alkyne
in dry THF using CuCl (Scheme 12). Benzaldehyde and
p-anisidine reacted with 1-hexyne or 1-octyne to give the
corresponding disubstituted quinolines in good yields.
Benzyl amine was formed as a by-product (about 40%)
along with the desired quinoline derivatives.

3
N, CuCl NN
R-CHO + ||
THF, / R1 HN

R reflux R?
34-48% yield ca. 40%

+ R=

Scheme 12

3.2 Catalyzed [Ru-Cu]

Our success in the direct addition of phenylacetylene to
aldehydes catalyzed by Ru/In in a mildly basic agueous
medialed us to explore a similar catalytic system both in
organic solvents and in water. In the alkynylation of alde-
hydes to give Grignard-type nucleophilic addition prod-
ucts, abicatalyst system was required in which ruthenium
was proposed to catalyze the overall reaction and indium
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to activate the carbonyl group. For the corresponding ad-
dition of alkynes to the C=N double bond in imines to
generate propargylic amines, we decided to use
arylimines as the electrophiles because they are easily
synthesized and stable in water. Initialy, we reacted
arylimines, which were readily accessible by the in situ
condensation of an aldehyde with aniline, with phenyl-
acetylene by using a Ru/In catalytic system in water. Al-
though this catalytic system wasvery effectivefor alkyne-
carbony! additions, it did not provide any desired product.
Subsequently, we observed that phenylacetylene can react
with an arylimine in the presence of a catalytic amount of
Cu(l) in agueous media to give the desired adducts but in
low conversions.®® Weinitialy attributed the low reactiv-
ity to the conversion of the C—H bond in the terminal

alkyne to aC—Cu bond. To increase the reactivity, amore
effective catalyst would be required. Subsequently, we
found that by using RuCl; as a co-catalyst, the reaction
was more efficient. However, no desired product was
found with RuCl; alone asthe catalyst. We carried out this
addition with abroad range of substituted aromatic and al-
iphatic imines (Scheme 13). In a few cases, the imines
were found to be unstable and easily hydrolyzed in water.
For those compounds, the additions were found to be
highly effective under neat conditions. This simple pro-
cess provides a convenient and efficient method for the
preparation of propargyl amines (Table1). This work
(submitted in 2001) was the first general method for the
catalytic addition of terminal alkynes to imines in the
literature.

Tablel The Three-Component Coupling Reaction of Aldehydes, Amines, and Alkynes Catalyzed by CuBr/RuCl,

Entry Aldehyde Amine Alkyne Product Yield (%)
1 o Ph—NH, =ph _Ph 91
A "
Ph” H
Ph”
Ph
5 - = 7
0 Ph—NH, =—Ph HN,Ph 8
H
X
Ph
3 o Ph—NH, =—ph _Ph 89
HN
cl
H cl
O)J\ \©)\
Ph
4 0 Ph—NH, =——Ph HN/Ph 95
H
x
Br Ph
Br
5 o Ph—NH, =—Ph L 52
H
o N
CH50 MeO Ph
6 ¢} Ph—NH, = ph _Ph 87
HN
or o
X
FsC Ph
FsC
7 o Ph—NH, =—Ph .Ph 58
HN
H
A
Ph
8 )Ok /©/NH2 =—Ph J@/Cl 87
Ph™ cl HN
Ph\
Ph
9 )OL Ph—NH, = SiEt, PP 83
Ph” H
PN
SiEts
10 o) Ph—NH ,—OH 82
)]\ 2 — HN Ph
Ph” “H
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JAr
CuBr, RuCly HN

1
RJ\z

R
27-96% yield

RI-CHO + Ar—NH, + R>—=
60-90 °C, H,0

Scheme 13

3.3 Catalyzed by Ir(l)

Iridium has also been shown to be effective as a catalyst
for the direct addition of alkyne to imines. Ishii found that
anew type of C—H bond activation adjacent to the nitro-
gen atom of iminesby [Ir(COD)CI],in THF led to athree-
component coupling reaction of aldehydes, amines and
alkynes to generate substituted alyl imines (Scheme 14,
Table 2).* In most cases the reaction produced the corre-
sponding coupling products in fair to good yield. In only
one ‘failled’ case, the reaction of trimethylsilylacetylene
with amine and aldehyde with [Ir(COD)CI], afforded the
undesired adduct propargyl amine (Scheme 14). This
alkyne was added to the double bond of the initialy
formed imine, in contrast to the reaction of other aliphatic
alkynes.

o)
ICOD)Cll,
+ " ONH, + ="Hex ——

"PrH THF

"Hex N
NS N N~ N
N f * oopr N ey + /f "

Pr
[Ir(COD)Cl], HN

THF "Pr)\

SiMe3

O
Pl
+ "Pr "NHy+ =—SiMe
“PrJ\H 2 8

Scheme 14

Carreirareported a process to prepare propargyl aminein-
volving the direct addition of trimethylsilylacetyleneto N-
alkyl or N-aryl adimines in the presence of the same
[Ir(COD)ClI], catalyst (Scheme 15).*° Aninitial screening
of transition-metal complexes led them to identify
[Ir(COD)CI], asthe catalyst for the addition of trimethyl-
silylacetylene to aldimines at room temperature. N-Ben-
zyl aldimines derived from aromatic as well as aliphatic
aldehydes participating in the Ir-catalyzed addition reac-
tion (Table 3). The additions can be carried out under neat
conditions to provide a highly atom-economical process.
However, only silylacetylenes were reactive for this addi-
tion reaction.

R2 _R?
’ [Ir(COD)CI], HN
P + =—SiMeg —

1
R TH THF R )\ _
SiMe3
54-85% yield

Scheme 15

Table2 The Three-Component Coupling Reaction of Aldehydes,
Amines, and Alkynes Catalyzed by [Ir(COD)CI],

Entry Aldehyde Amine Alkyne Product Yield
(%)
1 JOJ\ P NH,  =="Hex "Hex 68
"Pr "H x
npr N7 Py
2 )OJ\ "Pr”NH, ="Bu ”BUT 7
"Pr "H N
NPy
3 JOJ\ npr NH, "BU=="Bu 0
"Pr "H
4 O ”Pr/\NHZ ="Hex "Hex 73
o 1
Y\N "Pr
5 (] nPI'/\NHz ="Hex "Hex 62
>HLH N f
XN npr
6 (0] YNHZ =——"Hex "Hex 60
"Pr H x
Bee
7 j\ \)\ =—"Hex "Hex 45
"pr” T H NH; %
”Pr/\NK

Table3 TheAddition Reaction of Imines and Me;SiC=CH Cata-
lyzed by [Ir(COD)CI],

Entry Imine Product Yield (%)
1 )N‘\/\Ph HN" > Ph 7
Ph” H Ph)\
SiMe3
2 N‘/\Ph HN>Ph 84
H })\
SiMe3
3 /\/N(\ph HN" Ph 69
H /\/\
SiMe3
4 N‘/\Ph HN" “Ph 65
Ny \(\ |
SiMe3
5 N‘/\Ph HN" Ph >4
SiMe3
Br Br
6 /©/0Me /©/0Me 85
)Nl\ HN
Ph” H Ph)\

SiMe3
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34 Catalyzed by [Au]

There are some limitations to the methods mentioned
above: (1) the polymer-supported Cu(l)-catalyzed method
does not easily generate simple propargyl amines that
have other functional groups; (2) the microwave-assisted
method islimited to the aminomethylation of alkynes; (3)
Ir(l)-catalyzed method is limited to silylacetylenes, and
(4) our Cu/Ru-catalyzed method is largely limited to imi-
nes generated from aryl amines and aryl aldehydes. Due
to our continued interest in extending the scope of the syn-
thesis of propargyl amines via activation of alkynes, we
examined a three-component coupling of adehydes, di-
alkyl amines, and terminal alkynes by other catalysts. We
found that thereaction is highly efficient and general with
gold as the catalyst (Scheme 16).** When compared to
other transition metals, gold has not been used extensively
as a catalyst. Only recently it has been shown by 1to,*
Hashmi,*® and others* that gold has some unique catalytic
activities.

We found that no co-catalyst or activator is needed for the
gold-catalyzed reaction. Less than 1 mol% of catalyst is
enough to generate an excellent yield of the corresponding
propargyl amine products. Both aromatic and aliphatic al-
dehydes were able to undergo this three-component cou-
pling with alkyne and amine. Dialkyl amines are good for
the reaction, whereas anilines gave the corresponding
products in lower yields and N-alkylanilines did not form
the desired products. Aromatic a dehydes reacted more ef-
ficiently and nearly quantitative yields were obtained in
most cases. Aliphatic aldehydes can also be used; howev-
er, some trimerizations of aldehydes were observed that
decreased the yields of the propargyl amine products. The
properties of solvents significantly affect the reaction.
Water is the best solvent and the reaction is very clean
with almost quantitative yield while the use of organic
solvents such as THF, toluene, and DMF resulted in low
conversions and more by-products.

3 3
AuBr3 R‘N/R
RICHO + H-C=C-R? + (R NH——
100 °C, H,0 1
, Ha R A
R?
53-99% yield

Scheme 16

35 Catalyzed by Ag(l)

Silver complexes are rarely considered to be ‘transition
metal catalysts'. Although some silver-catalyzed reac-
tions have been reported, the silver species often served as
either a co-catalyst or aLewis acid.*® The high efficiency
of gold as a catalyst for the three-component coupling of
aldehydes, amines, and alkynesin water led usto examine
Ag catalystsfor the related coupling. Initially, we focused
our attention on water-soluble silver salts. The water-sol-
ubleor partially solublesalts such asAgNO;, Ag,0, AgO-
Ac, Ag,SO, AgOTf, and AgBF, were al found to
catalyze the reaction of benzaldehyde, piperidine, and

Synlett 2004, No. 9, 1472-1483 © Thieme Stuttgart - New Y ork

phenylacetylene with alow conversion (ca. 25-45%) to-
gether with the formation of some carboxylic acid. The
low yields were attributed to the deactivation of the silver
catalyst duetoitsreduction to silver metal and when silver
metal was used, it showed no catalytic activity. It was
found that AgCl, AgBr and Agl all showed good catalytic
activity for the three-component coupling (Scheme 17),%
and Agl was found to be the most effective. Additionally,
no other additive was needed for this reaction. Only a
trace amount of product was obtained with acyclic amines
(such as dialyl amine), whereas cyclic amines reacted
well in these conditions. Both aromatic and aliphatic alde-
hydes were able to undergo addition to afford the corre-
sponding propargy!l amines. Interestingly, in thisreaction,
aromatic aldehydes had a decreased reactivity whereas al-
iphatic aldehydes displayed higher reactivity and cleaner
reactions. The reactions involving aiphatic aldehydes
gave both higher conversions and better yields. The reac-
tions proceeded well in either water or an organic solvent
such as toluene and DMF. When 0.2 mol% Agl was used
as a catalyst, the reaction in water generated more than
92% isolated yield of the desired product.

R _R®
N

1
R/\
R2

47-99% yield

Agl
RICHO + H-C=C-R? + (R%),NH
100 °C, H,0

Scheme 17

4 The Development of Asymmetric Aldehyde-
Alkyne-Amine Coupling (AA3-Coupling)

Asymmetric synthesisis among the most important recent
developments in organic chemistry.*” Our original highly
effective ruthenium/copper-catalyzed direct addition of
alkyne to imine in water and under neat conditions* led
us to explore the corresponding asymmetric coupling.
Within the past few decades numerous phosphine-based
chiral catalysts have been synthesized, leading to the de-
velopment of various chira catalystsfor asymmetric reac-
tions.*® Initially we focused on investigating a chiral
ruthenium catalyst with various chiral phosphine ligands,
with or without a copper co-catalyst, to investigate the
asymmetric alkyne-imine addition. Unfortunately, our in-
vestigations with these chiral catalysts did not generate
any significant enantioselectivity in these additions, al-
though in most cases the reaction proceeded smoothly to
generate the propargyl amines. Therefore, we decided to
look for alternative catalytic systems for the asymmetric
addition.

4.1 Catalyzed by [Cu]

When we reexamined our original investigation of thera-
cemic alkyne-imine addition, we noticed that CuBr alone
also afforded the desired product, albeit in low conver-
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sions. We then hypothesized that the low conversion
when using CuBr as a catalyst may in fact provide uswith
a rare opportunity to develop highly efficient enantiose-
lective alkyne-imine additions. We postul ated that the low
conversion with CuBr may be due to the low reactivity of
the alkynyl C—Cu bond rather than dueto the low reactiv-
ity of C—H to C—Cu conversion as we thought originally.
If that isthe case, then astrongly coordinating ligand with
copper (nitrogen-based) may increase the reactivity by
weakening the C-Cu bond. Furthermore, a chiral nitro-
gen-based ligand will produce a chiral environment
around the C—Cu bond, which may lead to asymmetric in-

duction during the imine addition. With this objective in
mind, various nitrogen-based chiral ligands were exam-
ined. Among the ligands investigated, the desired enantio-
selective addition product of terminal alkynes to imines
was found in low ee when the bidentate bis(oxazoline)
(box) with CuBr in water was used. The use of the triden-
tate bis(oxazolinyl)pyridines (pybox) with CuBr resulted
in increased enantioselectivities. Using CuOTf instead of
CuBr afforded the product in both high yield and enantio-
selectivity. The enantioselectivity and reactivity were
further increased by carrying out the addition in toluene —
up to 96% ee and 92% yield with CuOTf-pybox as the

Table4 Enantioselective Three-Component Coupling Reaction of Aldehydes, Amines, and Alkynes at Room Temperature in Toluene

Entry Aldehyde Amine Alkyne Product Yield (%) OR/ee (%)
1 o Ph—NH, =—Ph P 78 (+) 96
Ph)J\H /\
Ph”
Ph
2 o Ph—NH, =ph P 70 (+) 96
/©)}\H /@2\
X
Et Ph
Et
3 0 Ph—NH, =——Ph HN,Ph 85 (+) 94
H
N Ph
cl o
4 o Ph—NH; =—Ph HN,Ph 87 (+) 94
H
o o
Br Br Ph
5 0 Ph—NH, =—ph HN,Ph 85 (+) 95
Br
H Br
\©)‘\ \©/\
Ph
6 o) Ph—NH, =—ph L 71 (+) 93
H
X
FsC FiC Ph
I )Ok /©/NH2 =—ph /©/Me 93 (+) 94
Ph™ Me HN
o
Ph
8 i D/NHZ =—Ph /©/u 92 (+) 91
Ph™ H cl HN
Ph)\
Ph
9 o) Ph—NH, =—SiEt; L 53 (+) 60
Ph)kH )\
PR O
SiEt;
10 o) Ph—NH, OH Ph 62 (+) 85
e — (a HN
Ph” “H

/
2

aReaction temperature is 35 °C.

Synlett 2004, No. 9, 1472-1483 © Thieme Stuttgart - New Y ork
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catalyst.>® In most cases, imines were formed in situ, and
the addition was very simple: mixing an adehyde, an
aniline, and an akyne with the catalyst in one-pot
(Scheme 18). This catalytic system could be extended to
aliphatic alkynes to afford the corresponding propargyl
amines. As shown in Table 4, various alkynes add to im-
ines in toluene with good yields and enantiosel ectivity.
Phenylacetylene afforded better yields and enantiosel ec-
tivity than other aliphatic alkynes. The effect of solvent on
the yield and enantiosel ectivity of the addition of phenyl-
alkyne to N-benzylideneaniline was examined (Table 5).
Both the yield and %ee are strongly affected by the reac-
tion solvent.

cu(OTh /ligand 1 N2

R-CHO + Ar—NH, + R
toluene or water Rl SN

R2

o | \N | ‘ o 48-93% yield, 78-99% ee
%/N N\:)
PR 1 Ph

Scheme 18

Table5 Enantioselective Addition of Phenylacetylene to N-Ben-
zylideneaniline in Various Solvents

Entry Solvent Yield (%) ee (%)
1 toluene 78 96
2 benzene 74 97
3 heptane 80 99
4 CH,Cl, 79 98
5 CHCl, 81 97
6 1,4-dioxane 82 98
7 THF 65 96
8 EtOAC 53 98
9 acetone 80 99

10 CH;CN 82 99

11 MeOH 85 88

12 H,0 71 84

To determine our product with greater certainty, we want-
ed to ascertain the absol ute configuration of the propargyl
amine. We tried to correlate our products with known
compounds in which the absolute configuration was de-
termined, but only racemic amines were found. With a
bromine atom in the molecule serving as a structure mark-
er, the absolute configuration of one of our products was
conveniently established as R by X-ray crystallographic
structure analysis.

Synlett 2004, No. 9, 1472-1483 © Thieme Stuttgart - New Y ork

4.2 Catalysisas Reported by Others

Subsequent to our report, other novel processes of three-
component reactions of aldehydes, amines and alkynes
werereported. In order to avoid the generation of sensitive
enamines, an enantioselective process of three-compo-
nent reactions of an alkyne, an aldehyde, and a secondary
amine in toluene at room temperature in the presence of
CuBr, (R)-quinap, and 4A molecular sieves to afford pro-
pargyl aminesin both good yields and good enantiosel ec-
tivities, was recently published by Knochel’s group.5* For
the racemic reaction without ligand, the reaction was usu-
aly complete within 12 to 48 hours; for the enantioselec-
tive reaction, it was complete in 1 to 6 days. The alkyne
could have either an aryl substituent or an alkyl substitu-
ent. Branched aliphatic aldehydes led to the desired prod-
ucts in high yields and trimethylsilylacetylene had
increased enantioselectivity. The presence of either an
electron-donating or e ectron-withdrawing group in the
para position on the aromatic aldehydes had only moder-
ate influence on the enantiosel ectivities. Theyield wasre-
duced in the aromatic adehyde with an electron-
withdrawing group. Heterocyclic aldehydes were also vi-
able substrates. This reaction was highly diastereoselec-
tiveif achiral amine or aldehyde was used (Scheme 19).

3 4
CuBr / ligand 2 R\N’R

toluene 1
R )\
= ‘ R?
N

43-99% yield, 32-96% ee

ool

2

RICHO + H-C=C-R? + RSNHR*

Scheme 19

DuBois and co-workers reported a stereocontrolled syn-
thesis of functionalized propargylic amine derivatives
from N,O-acetals and alkynylzinc reagent (Scheme 20).52
They described the preparation of new iminium ion equiv-
alents of heterocyclic N,O-acetals with varying substitu-
tion patterns by Rh-catalyzed C—H insertion. With Lewis
acid BF;OFEt as the optimal promoter for this coupling
process, the reaction of a chiral N,O-acetal and alkynyl-
zinc chloride (generated from trans-metaation of the lith-
ium acetylide with ZnCl,) in THF at 40 °C, afforded
diastereomers of desired product in high yield and high
stereoselectivity. They aso confirmed the cis product
stereochemistry by X-ray structure analysis of the inter-
mediate.

O\\S//o O\\S/,o
HN BF5-OEt, HN"
+ H-CIC-tBU -
0 THF, 40 °C Z
n
Et)VO Bu OH

92% yield, single diastereomer
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Hoveyda and Snapper reported a catalytic enantioselec-
tive method to afford propargyl amines by addition of
alkynylzinc reagents to arylimines by using chiral ligands
and Zr salt as the catalyst (Scheme 21).% They synthe-
sized propargyl amines by the addition of akynylzinc to
arylimines or alkylzinc to alkynylimines. The enantiose-
lective additions of trimethylsilylacetynylzinc to avariety
of ortho-anisidylimines are promoted by a peptidic chiral
ligand in the presence of Zr(Qi-Pr),-HOi-Pr at room tem-
perature, to generate the derived alkynyl amines in up to
90%ee and 69% isolated yield. Elevated reaction temper-
atures gave lower enantioselectivity and yield. Arylimines
with different steric and el ectron attributes can be convert-
ed efficiently into alkynyl amines, but an arylimine from
ortho substituent aromatic aldehyde can reduce the asym-
metric induction. Imine substrates do not require initial
preparation. The o-anisidyl group can be removed effi-
ciently to generate the corresponding amines or other re-
lated derivatives. With Zr(Oi-Pr),-HOi-Pr salt and some
similar peptidic chira ligands, the akylation of alky-
nylimines were aso efficient and generated a range of
enantiomerically enriched propargyl amines.

Jiang reported the addition of terminal alkynes to imines
by using ZnCl, and Et;N as catalysts and TMSCI as the
Lewis acid for the activation of imines (Scheme 22).5*
The reaction of an alkyne with N-benzylimine did not pro-
ceed by using ZnCl,/Et;N as the catalyst. After the addi-
tion of chlorotrimethylsilane as an activator, the reaction
was dramatically improved and generated the desired
product in high yield. The imines can be derived from
alkyl or aromatic aldehydes and the aromatic imines with
electron-withdrawing groups are more reactive than the
ones with electron-donating groups. In the reaction, phe-
nylacetylene gives a higher yield than other alkyl acety-
lenes. The use of chira imines as starting material,
derived from chiral amines, also afforded the correspond-
ing adducts with moderate diastereosel ectivity.

cat. Zr(O'Pr),-HO'Pr / ligand 3

Rl R!
2 * 2
Nﬂ\/R o A ZnCly, EtzN , TMSCI HN)VR
)‘ + —
toluene, 60 °C
Ph Ph N
Ph
50-93% yield, 18-91% de

Scheme 22
5 Conclusion

The catalytic direct addition of alkynetoimine anditsre-
lated three-component coupling of aldehydes, amines and
alkynes produced propargy! aminesin the most direct and
economical manner. Our initial studies involved metal-
mediated activation of terminal alkynes and their reaction
with aldehydes to generate propargyl alcohols. In devel-
oping this conceptual framework further, we found anov-
el reaction in which atermina alkyne was activated by a
transition metal, which then reacted with an imine, that
was form in situ, to generate propargy! amines under mild
conditions. The use of late transition metals to catayze
such a reaction in water allows the direct use of com-
pounds bearing hydroxyl groups without the necessary
derivatization. The utilization of transition metals as cata-
lystsalowsfor the asymmetric alkyne-imine addition and
the three-component aldehyde-alkyne-amine addition by
means of a chiral ligand. The addition reaction of alkynes
to arylimines in the presence of chiral pybox was shown
to be highly enantioselective and efficient to provide a
practical method for the preparation of optically active
propargyl amines. We also developed a highly efficient
three-component coupling of aldehydes, dialkyl amines,
and akynes with gold and silver as catalysts, which
showed complementary chemistry.

HN

N

Ar 0.6 equiv

Ji Zn-{=—SiMe3),

cat. Zr(O'Pr),-HO'Pr / ligand 4

Zn’(/\SiMe3 2 Ar/\

2 equiv SiMes

69-90% yield, 69-86% ee

HN

0 NH;
npem; + @[
OPh

Me_ Me
O

H
MeO N
I
OH “Ph

3

Scheme 21

EtyZn, 0-22 °C, toluene Et %

"Pent

60-87% yield, 80-98% ee

Me_ Me
b9
B N
! N \_ANHBU
dod
OH “Ph
tBU 4
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